We determine the symmetry energy Ssym(ρ) at the saturation density ρ = ρ0, particularly for three quantities of J ≡ Ssym(ρ0), the sloop L, the curvature Ksym. The values are evaluated from the observational constraint Mmax ≥ 2Msun of neutron star and the experimental constraint on the neutron skin thickness r 208 skin . The experimental constraint is obtained by taking the weighted mean and its error for three reliable measurements of PREX, electric-dipole polarizability, pygmy strength. One result is J = 28 − 34 MeV, L = 43 − 67 MeV, Ksym = (−150) − (−3) MeV based on both the observational constraint and the experimental constraint. The other is J = 27 − 35 MeV, L = 43 − 67 MeV, Ksym = (−270) − (29) MeV based on the experimental constraint only. We also determine the relation between r 48 skin and r 208 skin with the correlation coefficient R = 0.99. Using the r 48 skin -r 208 skin relation, we transform the central value of PREX to the corresponding value for r 48 skin and predict a result of CREX.
We determine the symmetry energy Ssym(ρ) at the saturation density ρ = ρ0, particularly for three quantities of J ≡ Ssym(ρ0), the sloop L, the curvature Ksym. The values are evaluated from the observational constraint Mmax ≥ 2Msun of neutron star and the experimental constraint on the neutron skin thickness r 208 skin . The experimental constraint is obtained by taking the weighted mean and its error for three reliable measurements of PREX, electric-dipole polarizability, pygmy strength. One result is J = 28 − 34 MeV, L = 43 − 67 MeV, Ksym = (−150) − (−3) MeV based on both the observational constraint and the experimental constraint. The other is J = 27 − 35 MeV, L = 43 − 67 MeV, Ksym = (−270) − (29) MeV based on the experimental constraint only. We also determine the relation between r 48 skin and r 208 skin with the correlation coefficient R = 0.99. Using the r 48 skin -r 208 skin relation, we transform the central value of PREX to the corresponding value for r 48 skin and predict a result of CREX.
I. INTRODUCTION
Many predictions on the symmetry energyS sym (ρ) have been made so far by taking several experimental and observational constraints on S sym (ρ) and their combinations. Among the constraints, we take reliable constraints, as show below.
In neutron star (NS), the S sym (ρ) and its density (ρ) dependence influence strongly the nature within the star. For a pulsar in a binary system, detection of the general relativistic Shapiro delay allows us to determine the mass M of NS. In fact, the NS with M = 1.97 ± 0.04M sun is observed [1] . In ρ = 2 − 3ρ 0 for the saturation density ρ 0 , the strangeness changing weak decay replaces nucleons by hyperons. The decay makes the maximum mass M max decrease, if the decay occurs really. In this paper, we assume the decay does not take place, because nucleon-hyperon and hyperon-hyperon interactions are still unknown. As an essential constraint on the equation of state (EoS) from astrophysics, we can take
Equation (1) is the most important observational constraint on
For the S sym (ρ), at the present stage, a major aim is to determine J ≡ S sym (ρ 0 ), the sloop L and the curvature K sym at ρ = ρ 0 . The symmetry energy S sym (ρ) cannot be measured by experiment directly. In place of S sym (ρ), the neutron-skin thickness r skin is measured to determine L, since a strong correlation between r 208 skin and L is well known [2, 3] . Meanwhile, for the correlation between * orion093g@gmail.com r 208 skin and J and the correlation between r 208 skin and K sym , the correlation coefficient R is not shown.
In this paper, we consider reliable experiment constraints on the neutron-skin thickness r skin for double magic nuclei, 208 Pb and 48 Ca. In this section, we concentrate on 208 Pb; see Sec. II C for 48 Ca.
Horowitz, Pollock and Souder proposed a direct measurement for r skin = r n − r p [4] . The measurement is composed of parity-violating and elastic electron scattering; the neutron radius r n is determined from the former experiment, whereas the proton radius r p is from the latter. In fact, for r 208 skin , the Lead Radius EXperiment (PREX) provides r n = 5.78 +0. 16 −0.18 fm [5, 6] . This result leads to r 208 skin = 0.33 +0.16 −0.18 = 0.15 − 0.49 fm
under r 208 p = 5.45 fm [7] determined from the elastic electron scattering. Now, the PREX-II and the 48 Ca Radius EXperiment (CREX) are ongoing at Jefferson Lab [5] . A result of PREX-II is predicted by taking the central value of the PREX result: r 208 skin (PREX II) = 0.33 ± 0.06 = 0.27 − 0.39 fm; (4) note that 0.06 fm is the estimated error of PREX-II shown in the proposal of CREX [8] .
In addition to the direct measurement mentioned above, there are two important indirect measurements for 208 Pb. One is measurements of E1 polarizability α D and the other is measurements of pygmy dipole resonances. The high-resolution measurement of α D was made for 208 Pb in RCNP [9] : The value is r 208 skin = 0.156 +0.025 −0.021 = 0.135 − 0.181 fm.
In this experiment, the value of r skin was measured directly without using the value of r p . The r 208 skin is also derived from the experimental pygmy strength [10] : The value is r 208 skin = 0.24 ± 0.04 = 0.20 − 0.28 fm.
We take the weighed mean and its error of the direct and the indirect measured values. The result is r 208 skin = 0.18 ± 0.02 = 0.16 − 0.20 fm,
This is the most important experimental constraint on r 208 skin in the present state.
There are many EoSs that show the values of r 208 skin , J, L, K sym . Chen et al. find that existing data on the r skin of Sn isotopes yield an important constraint on L [11] . Combining these constraints with analyses of isospin diffusion and double neutron/ proton ratio in heavy-ion collisions at intermediate energies, they predict L = 58 ± 18 = 40 − 76 MeV. Hagen et al. calculated a value of r p for 48 Ca, using the coupled-cluster calculation with the chiral interaction. Using yhe r p -J and r p -L correlations, they show 25.2 < J < 30.4 MeV and 37.8 < L < 47.7 MeV [12] , where the theoretical errors of J and L mainly come from the systematic uncertainties of the employed Hamiltonians.
In this paper, we determine reliable ranges of J, L and K sym , using the observational constraint (1) and the experimental constraint (7) . One set of J, L and K sym is based on both the observational and the experimental constraint, whereas the other set is on the experimental constraint only.
We derive the relation between r 48 skin and r 208 skin with the correlation coefficient R = 0.99. Using the r 48 skinr 208 skin relation, we transform the central value of PREX to the corresponding values for r 48 skin and predict a result of CREX, since the proposed error of CREX is smaller than that of PREX-II [8] . We also transform measured values on r 48 skin to the corresponding results on r 208 skin . This transformation allows us to compare the transformed data with the original one (7) on r 208 skin . We construct two Gogny EoSs, since the number of Gogny EoSs is much smaller than that of Skyrme EoSs.
Section II show our results. Section III is devoted to conclusion.
II. RESULTS

A. Approach to reliable ranges of J, L and Ksym
We first accumulate the 204 EoSs from Refs. [3, 11, in which r 208 skin and/or L is presented, since a strong correlation between r 208 skin and L is shown. In the 204 EoSs of Table I , the number of Gogny EoSs is much smaller than that of Skyrme EoSs. We then construct two EoSs so that D1M* [16] and D1P [22] may become harder; the two EoSs are referred to as D1MK and D1PK, respectively. Eventually, we get the 206 EoSs, as shown in Table I .
For the 206 EoSs, both r 208 skin and L are obtained selfconsistently; the starting r 208 skin -L relation is determined from the EoSs in which both r 208 skin and L are presented. The resulting relation L = 620.39 r 208 skin − 57.963,
has a strong correlation, because of R = 0.99. The relation (8) allows us to deduce an empirical constraint on L from the experimental constraint (7) . The empirical constraint is
In Table I , 47 EoSs satisfy the observational constraint (1) . The 47 EoSs are tabulated in Table III . Out of the 47 EoSs, the 23 (D1M*, Sly230a, D2, SLy4, BSk24, BSk21, SFHo, Sly2, SKb, DD-ME2, Sly9, D1PK, DD-ME1, HS(DD2), NL3ωρ, APR(E0019), BSk23, SkI6, SkI4, FSUgold2.1, BSR2, SGI, D1AS) satisfy the empirical constraint (9) on L. The 23 yield
in units of MeV. This is our result based on both the observational constraint (1) and the experimental constraint (7) .
In Table I , 95 EoSs satisfy the empirical constraint (9) on L. These are (D1M*, BSk14, SLy230a, M3Y-P6, D2, SLy0, UNEDF0, Ly5, Skχm, E0015, SkM*, SLy4, Sly230b, BSk24, D280, BSk21, SV-L47, SFHo, IU-FSU, SLy6, Sly2, SKb, SLy5, SR3, es275, GSkII, SR2, D1P, This is our result based on the experimental constraint (7) . The resulting constraint on L is stronger than that of Chen etal ..
Further explanation is shown below. We first make three comments on Table I. 1. For D1S, D1N, D1M, D1M*, D1MK, D1P, D1PK, we have calculated r 208 skin and r 48 skin with the Hartree-Fock-Bogoliubov method with the angular momentum projection [37] . For the Gogny EoSs, the effective nucleon-nucleon interaction can be described as
where σ and τ are the Pauli spin and isospin operators, respectively, and the corresponding exchange operators P σ and P σ are defined as usual. See Table  II for the parameter sets of D1MK and D1PK. As shown in Table I , the results of D1MK and D1PK for r 208 skin and r 48 skin are consistent with the experimental constraint (7) on r 208 skin and the experimental constraint (15) on r 48 skin . For matter, the energy density functional has been used. EoSs from 240 Skyrme EoSs by using a series of criteria [29] . The 16 EoSs ( GSkI, GSkII, KDE0v1, LNS, MSL0, NRAPR, Ska25s20, Ska35s20, SKRA, SkT1, SkT2, SkT3, Skxs20, SQMC650, SQMC700, SV-sym32) are in Table I. 3. Out of the 240 Skyrme EoSs, Tsang et al. selected 12 EoSs (KDE0v1, NRAPR, Ska25, Ska35, SKRA, SkT1, SkT2, SkT3, SQMC750, SV-sym32, SLy4, SkM* ) and fitted them to nuclear binding energies, charge radii and single-particle energies [14] . The fitted set is identified with the label "-T" from the original set. Brown and Schwenk fitted the original set so that the effective mass m * /m can be 0.9 in neutron matter at ρ = 0.10 fm −3 [30] . This set is identified with the label by "-B". The three sets are in Table I . 
for the r 208 skin -J relation. The r 208 skin -L relation (R = 0.99) is much stronger than the r 208 skin -J relation (R = 0.74), the r 208 skin -K relation (R = 0.30), and the r 208 skin -K sym relation (R = 0.84).
The M -R relation of NS is shown in Fig. 2 for D1MK and D1PK, where R is a radius of NS. In our calculations, the beta-equilibrium is taken into account. Below the subnuclear density n < 0.1 fm −3 , we use the BPS EoS [38] . D1PK satisfies the observable constraint (1) . Meanwhile, the maximum mass M max = 1.94M sun of D1MK is slightly smaller than the observable constraint (1), but is in the M = 1.97 ± 0.04M sun of Ref. [1] Horowitz mentioned some observational constraints and the lower limit of R determined from PREX [39] ; his mention is illustrated in Fig. 2 . Bauswein et al. suggested that if 1.6 M sun stars have radii less than the indicated lower limit, the NS in GW170817 would collapse to soon to a black hole and not eject material enough to power the observed Kilonova. When the maximum mass of a NS is above the red dotted line, Metzger et al. argued that the compact remnant in GW170817 lives too long and provides too much energy to the kilonova. Finally the GW170817 limit on the radius of a 1.4M sun is from the limit on the gravitational deformability, whereas the limit on the EoS at low density from PREX is plotted as a minimum radius of a 0.5M sun NS. 
see Fig. 3 . The correlation is quite strong, because of R = 0.99. 
by measuring interaction cross sections for 48 Ca scattering on a C target in RIKEN [41] . Before the measurement of Ref. [41] , we predicted the interaction cross section and the r 48 skin , using D1S [42] . The predicted value r 48 skin = 0.159 fm is in Eq. (16), and the predicted interaction cross section agrees with the measured one..
The data (16) has almost the same accuracy as the high-resolution measurement Eq. (15) . We then calculate the weighed mean and its error of Eq. 
This is the most important constraint on r 48 skin at the present stage. The coupled-cluster result 0.12 < r 48 skin < 0.15 fm with the chiral interaction [12] is consistent with the experimental constraint (17) .
In the proposal of CREX [8] , the estimated error is 0.02 fm. Using Eq. (14), we transform the central value 0.33 fm of PREX to the corresponding value r 48 skin =0.47 fm. Therefore, we may predict a result of CREX as r 48 skin (CREX) = 0.47 ± 0.02 = 0.45 − 0.49 fm. (18) This is too large in comparison with the present indirect result (17) . This implies that the central value is large. We predict a CREX result by taking the central value of Eq. (17). This ia r 48 skin = 0.16 ± 0.02 = 0.14 − 0.18 fm;
note that 0.02 fm is the estimated error of CREX [8] .
D. Comparison between data r 48 skin and data r 208 skin Applying the r 208 skin -r 48 skin relation (14) for the experimental constraint (17) on r 48 skin , we can get r 208 skin = 0.15 − 0.18 fm.
The indirect range (20) is slightly smaller than the original one (7) on r 208 skin . We then take the weighted mean and its error from the original and indirect ranges: The result is r 208 skin = 0.18 ± 0.02 = 0.16 − 0.20 fm.
The final result (21) agrees with the original one (7) including PREX.
III. CONCLUSION
We have determined two reliable ranges of J, L and K sym by taking the observational constraint (1) and the experimental constraint (7) . One is J = 28 − 34 MeV, L = 43−67 MeV, K sym = (−150)−(−3) MeV of Eq. (10) based on both the observational constraint (1) and the experimental constraint (7) . The other is J = 27 − 35 MeV, L = 43−67 MeV, K sym = (−270)−(29) MeV of Eq. (11) based on the experimental constraint (7) only.
In addition, we have determined the r 208 skin -r 48 skin relation (14) with the correlation coefficient R = 0.99. In the proposal of CREX, the estimated error 0.02 fm of CREX is smaller than 0.06 fm of PREX-II. We then transform the central value r 208 skin = 0.33 fm of PREX to the corresponding value r 48 skin = 0.47 fm, using the the relation (14) . We get r 48 skin = 0.47 ± 0.02 = 0.45 − 0.49 fm as a prediction of CREX. However, it is too large compared with the range (17) measured for r 48 skin . Taking the central value 0.16 fm of the range (17), we predict a result of CREX as r 48 skin (CREX) = 0.16 ± 0.02 = 0.14 − 0.18 fm of Eq. (19) .
In the 204EoSs of Table I , the number of Gogny EoSs is much smaller than that of Skyrme EoSs. We have then constructed two Gogny EoSs, D1MK and D1PK. As for J, L, K sym , the values of D1MK and D1PK are in the reliable range of Eq (10) . For r 208 skin and r 48 skin , the values of D1MK and D1PK are consistent with the experimental constraints (7) and (17) . D1PK satisfies all of the observational constraint Eq. (1), the experimental constraint (7) on r 208 skin , and the experimental constraints Eq. (17) 
